Our current understanding of speciation is often based on considering a relatively small number of genes, sometimes in isolation of one another. Here, we describe a possible emergent genome process involving the aggregate effect of many genes contributing to the evolution of reproductive isolation across the speciation continuum. When a threshold number of divergently selected mutations of modest to low fitness effects accumulate between populations diverging with gene flow, nonlinear transitions can occur in which levels of adaptive differentiation, linkage disequilibrium, and reproductive isolation dramatically increase. In effect, the genomes of the populations start to "congeal" into distinct entities representing different species. At this stage, reproductive isolation changes from being a characteristic of specific, divergently selected genes to a property of the genome. We examine conditions conducive to such genome-wide congealing (GWC), describe how to empirically test for GWC, and highlight a putative empirical example involving Rhagoletis fruit flies. We conclude with cautious optimism that the models and concepts discussed here, once extended to large numbers of neutral markers, may provide a framework for integrating information from genome scans, selection experiments, quantitative trait loci mapping, association studies, and natural history to develop a deeper understanding of the genomics of speciation.
Introduction
Evolution generates the immense diversity of life on earth and is central to understanding biological diversity. The core evolutionary processes involved in speciation-mutation, migration, selection, and drift-are largely understood at the level of individual genes (Fisher 1930; Haldane 1948; Gavrilets 2004; Yeaman and Otto 2011) , and their actions have been well documented in nature (Schluter 2000; Coyne and Orr 2004; Nosil 2012) . In contrast, we know less about how these processes interact to form new species and drive divergence across genomes that tend to be comprised of millions or billions of base pairs.
The foundation for modern population genetics grew from an individual-gene perspective characterized as "beanbag" genetics by Mayr (1959) . Indeed, much of our current understanding of population genetic processes is based upon theory about the dynamics of individual genes or relatively few loci; explicit predictions about the dynamics of larger numbers of loci have generally only been possible for less than 100 loci and/or for restricted sets of circumstances (Barton 1983; Barton and Bengtsson 1986; Gavrilets 2004; Barton and de Cara 2009; Burger and Akerman 2011; Yeaman and Whitlock 2011) . With the proliferation of next generation DNA sequencing (Hudson 2008; Rokas and Abbot 2009; Stapley et al. 2010) , the scale of modern data sets has created a need for theory that makes predictions about patterns for hundreds or thousands of loci while including not only selection, migration, drift, and mutation, but also including general features of genome structure (i.e., the ways genes are organized in genomes). Thus, the question remains of whether emergent processes affecting divergence along the speciation continuum will be revealed when considering the aggregate effects of genomic structure and many simultaneously evolving genes arrayed in the genome.
Thinking from genic and genomic perspectives (Wu 2001) has emerged as an important issue in speciation because of recent findings from a number of model systems-such as sticklebacks , Heliconius butterflies (Heliconius Genome Consortium 2012; Nadeau et al. 2012; Kronforst et al. 2013; Nadeau et al. 2013) , whitefish (Bernatchez et al. 2010; Renaut et al. 2012; Gagnaire et al. 2013) , cichlids (Keller et al. 2013) , sunflowers (Andrew and Rieseberg 2013; Renaut et al. 2013; Renaut et al. 2014) , stick insects Gompert et al. 2014) , and mosquitoes (Lawniczak et al. 2010; Turner and Hahn, 2010) showing that extensive genetic differentiation at many loci may characterize even early stages of ecological divergence. The role of genome structure is highlighted by the fact that this widespread genomic divergence can involve features of the genome such as chromosomal inversions (Noor et al. 2001 ; Kirkpatrick and Barton 2006; Feder and Nosil 2009; Kirkpatrick 2010; Nosil et al. 2012b ). These recent results signify the need to investigate whether divergence dynamics for whole genomes differ from those when fewer loci are considered and when individual loci are considered in isolation from one another. Here, we directly address these issues along the speciation continuum from populations, to varieties and races, to species.
Synergistic effects among multiple loci in creating barriers to gene flow have been the focus of many previous theoretical studies. Felsenstein's (1981) investigations drew attention to the role of associations among loci in promoting divergence. Barton and colleagues elucidated sets of conditions under which coupling among multiple loci would lead to barriers to gene flow at both selected and neutral loci (Barton 1983; Barton and Bengtsson 1986; Barton and de Cara 2009) . Numerous other works have explored how accumulating genetic incompatibilities involving multiple loci can lead to thresholds where the divergence of one species into two occurs precipitously (Orr and Turelli 2001; Gavrilets 2004; Barton and de Cara 2009; Gourbiere and Mallet 2010) .
Hence, it is well established that the coupled effects of many loci can drive divergence and keep populations apart. However, the temporal dynamics of sharp population transitions have received less study. Although previous work shows that transitions from populations to species in sympatry or parapatry can be rapid (Gavrilets 2004) , additional theory is needed to refine predictions about 1) the conditions under which population divergence should proceed in a linear, gene-by-gene fashion versus a nonlinear manner involving aggregate properties arising from the organization of genes in genomes and 2) the statistical distributions of metrics of divergence genome-wide and how they change along the speciation continuum. Furthermore, the efficacy of putative drivers of speciation needs to be benchmarked against appropriate null models.
As a step toward addressing these needs, we begin by describing an approach for partitioning the roles of direct selection (DS) on individual loci from those of genome structure and genetic hitchhiking (sensu Barton 2000) on patterns of divergence. We then review how this approach shows that as differences accumulate between populations diverging with gene flow, transitions can occur in which the genomes of diverging populations rapidly "congeal" into distinct, differentially adapted states representing reproductively isolated species. At this stage, reproductive isolation (RI) changes from being a characteristic of specific genes to a property of much of or the entire genome Feder et al. 2013) .
The issue of why portions of the genome do (or do not) congeal has a long history (Hartl 1977; Maynard Smith 1977) . A major focus of earlier work on "congealing" was the question of whether selection would reduce recombination within populations (i.e., the benefits of sex). By contrast, here we focus on the dynamics of congealing between populations. Furthermore, previous work on congealing did not isolate the roles of direct divergent selection versus genome structure and hitchhiking per se in speciation.
After characterizing how genome structure can play a key role in congealing of the genome during speciation, we then describe the conditions under which rapid, nonlinear transitions to congealed states are most likely. With these theoretical considerations in place, we outline an empirical framework for testing for genome congealing and illustrate its application in an example using published data from Rhagoletis flies. We conclude with cautious optimism that by integrating genome scans, natural history, results from selection experiments, quantitative trait loci mapping, association studies, and advances in theory and statistical testing, we may develop a deeper understanding of the genomics of speciation with gene flow.
Processes Affecting the Evolution of RI with Gene Flow
Three general processes can aid the evolution of RI with gene flow, by virtue of the fact that organisms have genes nested within genomes ). The first process involves divergent selection acting directly on a locus. If the strength of divergent selection (s) acting on a new mutation is strong relative to the gross migration rate (m) between populations inhabiting different environments, then the mutation can have a reasonable probability of establishing on its own despite gene flow and drift Yeaman and Otto 2011; Feder et al. 2012b) .
The second process involves the collective effect that divergently selected loci together have on reducing gene flow across the genome. When there are multiple loci under divergent selection, the between-population effective migration rate, m e , can be reduced below the gross migration rate (m) across the genome and below what would be expected for each gene considered individually. This effect has been termed "genome hitchhiking" (GH; Feder et al. 2012a Feder et al. , 2012b Flaxman et al. 2012 Flaxman et al. , 2013 . GH requires at least weak statistical associations among alleles at different loci (linkage disequilibrium [LD] ). If GH is sufficiently strong, it can cause divergence at multiple loci to become strongly coupled, generating sharp multilocus clines (sensu Barton 1983; Abbott et al. 2013) . This is true even if the loci are unlinked and reside on different chromosomes (Flaxman et al. , 2014b . When GH is operating, immigrant individuals and hybrid offspring have lower fitness due to the combined consequences of all of the divergently selected genes they possess, even if there are not intrinsic genetic incompatibilities per se. Furthermore, because of the lower level of m e genome-wide, new mutations anywhere in the genome have elevated establishment probabilities ).
The third process (which is really a special case of the second) involves the physical linkage of divergently selected loci close together on the same chromosome. Although linkage can sometimes hinder adaptation (Hill and Robertson 1966) , in the context of population divergence, it can help reduce m e for sets of linked loci compared with unlinked loci (Felsenstein 1981) . Reduced recombination also increases the effectiveness of selection in eliminating sets of immigrant alleles before they have a chance to introgress. As a result, new mutations arising near already diverged sites may have an increased change of establishing, i.e., "divergence hitchhiking" (DH; Via 2009 ).
Predictions about the relative importance of these three processes-DS, GH, and DH-for facilitating speciation with gene flow in a variety of ecological and demographic conditions can be made using genome-scale computer simulations that systematically manipulate the key features of genome structure implicated by each process. To accomplish this, we have conducted simulations (Flaxman et al. 2012 (Flaxman et al. , 2014b ) that track population-and gene-level divergence dynamics, in silico, when each new mutation 1) is treated as if it is the only site under divergent selection in the genome (DS only); 2) is located on a separate chromosome from all other selected genes in the genome (having completely unlinked genes in a genome = GH + DS); or 3) may be physically linked to subsets of other alleles already under divergent selection (having genes in a genome and linkage = DS + GH + DH; Figure 1 ). Considering 1) DS alone or 2) DS + GH in the absence of DH is not meant to be biologically realistic; rather, such scenarios represent statistically useful null models that enable direct, quantitative partitioning of the effects of each process ( Figure 1 ). We refer to the first scenario (DS only) as one without genome structure, and the latter two as models with genome structure. In fulfillment of data archiving guidelines (Baker 2013) , we have deposited the data from simulations with Dryad. Source code for simulations is archived at http://sourceforge.net/projects/bu2s/files/.
Gene-and Genome-Level Dynamics in Speciation with Gene Flow
Considering individual mutations in isolation, a novel divergently selected mutation with s > ~0.5 m has a non-negligible probability of establishing and being maintained as a polymorphism. Thus, given a steady supply of such "large-effectsize" mutations entering populations, population divergence and speciation are expected to progress in a linear, locus-bylocus manner. Even without genetic incompatibilities, DS would be sufficient for speciation and having genes arrayed in a genome should not be required to facilitate the process. Genome-scale simulations confirm these predictions (Figure 2A,C) .
However, when most mutations have modest to low fitness effects (s < ~0.5 m), then the hitchhiking effects related to genome structure (GH and DH) take on greater potential significance for speciation. Before hitchhiking effects emerge in diverging populations, variation that could contribute to the adaptive divergence of populations should accumulate slowly because conditions are not favorable for the establishment of mutations and maintenance of adaptive polymorphisms. In effect, the buildup of standing variation at many loci may be a necessary precursor for divergence to gain traction, and this could take a while. As more standing variation builds, however, synergistic effects between loci (DH and GH) become more likely to occur. Hence, different phases of speciation may be operationally distinguished in which DS, DH, and GH successively assume greater relative significance for facilitating divergence. We have argued that entering the phase where GH is effective can represent an important transition or signpost for speciation .
As m e becomes reduced genome-wide, a larger spectrum of mutations should become visible to divergent selection both with respect to their lower s values and position in the genome relative to strongly, divergently selected sites. At this point, the genomes of diverging populations should begin congealing into distinct, divergently adapted, and reproductively isolated entities often described as species. We next draw upon recently published simulation models (Flaxman et al. 2014b ) to explore the dynamics of this process quantitatively.
Many Mutations of Small Effect and Genome-wide Congealing
To consider the evolutionary consequences of many mutations of small effect, we employed the individual-based model of Flaxman et al. (2013 Flaxman et al. ( , 2014b ) in a parapatric scenario where a new, divergently selected mutation enters a population once per generation, and local adaptation is the only isolating mechanism (Nosil et al. 2005; Giraud 2006 ). This population is spread across two demes, and individuals migrate between demes with probability m per individual per generation. Selection coefficients are drawn from an exponential distribution with mean s, selection is symmetric across the demes, and a derived allele is favored in one deme, whereas the ancestral allele at the same locus is favored in the other. Fitness effects across loci combine multiplicatively, and heterozygotes are assumed to have intermediate fitness between the favored and disfavored homozygotes.
In simulations with genomic structure (i.e., GH and DH, as in Figure 1B ,C), but not in those without (i.e., DS only, as in Figure 1A ), rapid, nonlinear transitions of one species into two could happen via a positive feedback process in which divergent selection and genome-wide LD began to act in concert ( Figures 2B,D and 3) . However, consistent with the distinct stages of speciation described above, this did not occur until after a threshold level of divergently selected mutations and LD accumulated ( Figure 2B,D) . As this happened, selection on temporally persistent combinations of alleles reduced effective migration (m e ) globally for the genome, resulting in greater differentiation for already diverged loci and the increased probability of establishment of new mutations. Genomes rapidly congealed into distinct entities for divergently selected genes.
As the two different cases shown in Figure 2 suggest (Figure 2A ,C vs. Figure 2B,D) , precipitous genome-wide congealing (GWC) should be most evident when adaptive evolution is mainly due to variants having small fitness effects relative to the migration rate. Thus, gradual, stepwise Darwinian evolution may indeed lead to rapid population splitting ( Figure 3A) . In contrast, when large-effect-size mutations predominate (s > m for many new, divergently selected mutations), migration does not strongly constrain divergence with gene flow, and populations will diverge more uniformly and linearly in time at divergently selected loci (Figure 2A,C) .
Role of Physical Linkage and DH in GWC
An ongoing debate in speciation is the importance of chromosomal linkage for divergence with gene flow (Felsenstein 1981; Kirkpatrick and Barton 2006; Feder et al. 2012b; Via 2012; Yeaman 2013) . Specifically, how important is DH for facilitating the buildup of the necessary standing variation for GWC to occur? Returning to single-locus theory, even when divergently selected mutations establish in the short term in populations, it can be difficult for polymorphisms (Flaxman et al. 2014a) , from simulations with total population sizes of 20 000 individuals. Populations were initially monomorphic at all loci. m e is the expected effective backward migration rate (sensu Vuilleumier et al. 2010 ), a measure of reproductive isolation. The "# of divergent loci" is the number of loci with divergently selected alleles segregating at a given time. Different lines and the legend refer to the three processes shown in Figure 1 and described in the text. Runs with "DH" modeled genomes with a total of four chromosomes, each 25 cM long. m and s are as given above each column of panels. Each line is the median of 50 independent simulation runs of the same scenario. Predicted distributions for allele frequency differences, LD, and F ST between populations for divergently selected SNPs after GWC for an early "genomic" phase of speciation. (E-G) Corresponding distributions before GWC during the "genic" phase of speciation. All plots were generated using individual-based model (Flaxman et al. 2014b) parameterized with field and laboratory data of s (= 0.03), m (= 0.05), and genome size (5 chromosomes totaling 500 cM) from R. pomonella (Feder and Bush 1989a; Feder et al. 1994 Feder et al. , 1999 .
to be maintained when s << m (Yeaman and Otto 2011) . By reducing recombination and gene flow, chromosomal linkage of divergently selected alleles should enhance the longevity of polymorphisms, thereby enabling a faster pace of buildup of critical levels of standing variation. Hence, when 1) the vast majority of mutations have very small fitness effects (s << m) and 2) the genome is compact (e.g., fewer chromosomes with higher densities of genes), DH may indeed accelerate the approach to GWC (compare lines for "GH + DS" and "DH + GH + DS" in Figure 2B,D) . With that noted, provided that there is a sufficient supply of new or standing variation of at least modest effect size on fitness, reaching the threshold needed for GWC need not involve a substantial role for chromosomal linkage. Indeed, when linkage is too tight, divergence can be hindered because favorable mutations can arise in unfit genetic backgrounds and be lost before they have a chance to recombine away (Hill and Robertson 1966; Feder et al. 2012b ).
GWC and the Speciation Continuum: From Genic to Genomic Phases of Divergence
A major prediction of GWC is that two distinguishable stages of speciation with gene flow exist. First, early in the divergence process, populations should be in a "genic" phase in which differentiation is localized to isolated regions of the genome. Observable divergence will be predominately due to DS. Second, there should be a subsequent "genomic" phase in which differentiation and RI become evident genomewide (Figure 3 ). Populations residing in genic versus genomic phases are expected to display markedly different distributions in single nucleotide polymorphism (SNP) allele frequency divergence, LD, and F ST , particularly for divergently selected loci (Figure 3) . Thus, transitions between these phases should be detectable in comparative genome scans among populations arrayed across a speciation continuum.
Specifically, for partially isolated varieties and races in the "genic" phase, even if many regions display differentiation and evidence for divergent selection, most regions will not. In addition, candidate gene regions or loci confirmed through quantitative trait loci mapping, association studies, and selection experiments to affect phenotypes under divergent selection will not uniformly display high levels of divergence between populations. Moreover, LD among these loci will tend to be weak and restricted primarily to markers undergoing little recombination. As a result, populations should show characteristic "L-shaped" distributions for the aforementioned divergence metrics ( Figure 3E-G) .
In contrast, for populations that have entered the genomic phase, post-GWC, divergence metrics will become substantially elevated for many SNPs throughout the genome and distributions increasingly "J-shaped" (Figure 3B-D) . Divergence will still be heterogeneous across the genome because 1) the genome may not yet be uniformly impervious to gene flow, 2) mutation and drift may not have had enough time to generate differentiation for neutral markers, and 3) divergently selected mutations that arise in the genomic phase still require time to become fixed differences. Nevertheless, the consequences of GWC will be manifested as numerous regions displaying evidence for selection and LD being detected not only between loci within chromosomes but also among loci on different chromosomes. Figure 3 presents simulation results contrasting predicted patterns of differentiation for loci experiencing selection between a population pair in the initial genic phase of divergence prior to GWC versus in an early genomic phase of speciation. These simulations used parameter estimates of s, m, and genome size representing a possible test case for GWC involving the classic apple and hawthorn host races of Rhagoletis pomonella fruit flies and its closely related sister taxon attacking flowering dogwood that we discuss in more detail below (mean s = 0.03, m = 0.05, and a genome of five chromosomes each 100 cM in length; Powell et al. 2013) .
Two key points merit attention. First, the predicted differences between genic and genomic phases in Figure 3 are not subtle, at least for the (relatively weakly) divergently selected loci we considered. Following the GWC transition, allele frequency differences for divergently selected SNPs are expected to dramatically rise (compare Figure 3B -D to Figure 3E -G). The implication is that given the predicted large changes in divergence metrics during the transition, tests of GWC are possible with reasonable sample sizes. Second, tests for GWC are not based only on an outlier approach that relies on detecting SNPs displaying exceptional divergence beyond a neutral expectation cutoff. Rather, shifts in the total distribution of divergence metrics for all SNPs can be leveraged to assess speciation status. Thus, empirical data from genome scans can be tested against predicted patterns to complement and extend outlier analysis in discerning the processes causing population divergence. We note that outlier analysis alone is not sufficient to infer that a given SNP is actually experiencing divergent selection. Thus, we urge the coupling of genome scans with manipulative transplant and selection experiments to confirm selection. Further development of analytical methods for comparing the fit of observed to predicted patterns of divergence metrics are required. In this regard, we note that the predictions generated in Figure 3 are only for divergently selected sites and thus extending predictions of GWC to include neutral sites is required.
Testing for GWC Involves More Than Genome Scans
As discussed above, genome scans, although a central element of testing for GWC, are not sufficient to verify the theory. Genome scans should be complemented by additional information on natural history and selection studies to construct a strong test for GWC, as we elaborate upon below. Similar patterns of genomic divergence could be generated from differing combinations of evolutionary processes and modes of speciation that may or may not be indicative of GWC (Nielsen 2005; Barrett and Hoekstra 2011; Gompert et al. 2012; Nosil and Feder 2013) . For example, many studies do not independently confirm that populations are actually currently experiencing gene flow or did so in the past when they diverged. Allopatric (geographic) isolation coupled with directional selection and/or the vagaries of genetic drift could generate heterogeneous patterns of genomic divergence misinterpreted as genomic islands of speciation with gene flow (Noor and Bennett 2009 ). Also, current genome scan studies generally represent a somewhat disparate collection of unrelated taxa. Such "apples-to-oranges" taxonomic comparisons do not constitute the evolutionary series of related populations at varying stages of divergence along the speciation continuum needed to test for GWC (although see Gagnaire et al. 2013 ). Thus, a compelling test for GWC requires a set of well characterized and evolutionarily related populations that span varying stages of divergence across the speciation continuum. Ideally, the ages of these populations would be known (or at least their relative times of divergence), and there would be enough replicate taxon pairs for statistical testing of differences among taxa. Although a series of such populations would not constitute different stages of a single speciation event, they do constitute a logical evolutionary progression along the speciation continuum.
Establishing the Occurrence and Timing of Gene Flow
GWC applies to taxa undergoing divergence with gene flow and thus the populations being compared should be known to be evolving with gene flow. Patterns of genome-wide differentiation for allopatric populations can resemble those for geographically overlapping pairs (i.e., both can be "L shaped"; Nosil et al. 2012a; Feder et al. 2013; Roda et al. 2013 ) and thus when possible independent evidence for the existence of gene flow should be obtained.
Moreover, an important issue beyond the existence of gene flow is the timing of it during the divergence process. Although tests for GWC might be the most straightforward when the taxa considered evolved in the face of continuous gene flow, this is not essential. GWC also applies to the circumstances of divergence following hybridization upon secondary contact although in terms of empirical testing this can make it more difficult to distinguish the incomplete breakdown of differences initially evolved in allopatry from divergence builtup in sympatry. As a result, establishing the occurrence, timing, and level of gene flow between populations are important and nontrivial components to testing for GWC as they are for the interpretation of genome scans in general.
Selection Experiments: Integrating Natural History with Genome Scans
Another key component of natural history knowledge is the ecological basis for divergent selection affecting populations. This information allows for transplant studies in the field and/or selection experiments in the laboratory to confirm that gene regions showing differentiation in nature are likely affected by divergent selection and not due purely to other factors such as drift or reduced recombination. Specifically, by exposing populations to contrasting conditions representing differing aspects of alternate habitats in manipulative lab and field studies, experiments can determine whether candidate SNPs/gene regions identified in genome scans display responses to divergent selection in a priori predicted directions (Michel et al. 2010; Pespeni et al. 2013; Gompert et al. 2014) . For example, a release and recapture field experiment transplanted stick insects to native and novel host plants and directly measured genome-wide allele frequency changes within a generation at 186 576 loci (Gompert et al. 2014) . By identifying loci whose observed degree of change exceeded expectations under null models of random mortality (i.e., drift), the authors identified dozens of loci distributed across the genome that were affected by divergent selection. Such transplant experiments might be coupled with genetic mapping studies of phenotypic traits to bolster evidence concerning the number and locations of genomic regions involved in divergent adaptation (Michel et al. 2010; Gompert et al. 2014) . Integrating these data with information on gross migration rates allows estimates of selection coefficients acting on SNPs in nature to evaluate the ratio of s to m acting through the genome.
Rhagoletis Flies: A Putative Test Case for GWC
Tephritid fruit flies in the R. pomonella sibling species group are a model for ecological speciation with gene flow via sympatric host-plant shifting (Bush 1969; Filchak et al. 2000; Berlocher and Feder 2002; Linn et al. 2003; Linn et al. 2012; Powell et al. 2013) , making them a strong potential test case for GWC. The group comprises a series of geographically overlapping host races, closely related sibling species, and more fully morphologically distinguished taxa. Thus, a number of replicate pairs of Rhagoletis flies exist at varying stages along the speciation continuum to allow testing for rapid transitions from genic to genomic patterns of divergence and GWC. In addition, studies measuring the per generation gross migration rates of flies between host plants have been performed, generating estimates of m ranging from 5% (host races), to 3-0.1% (sibling species), to 0% (morphologically distinct taxa; Bush 1989a, 1989b; Feder et al. 1994; Berlocher 2000) . Gene flow was likely continuous prior to and during divergence. In addition, molecular data imply that the radiation occurred relatively sequentially within the last 25 000 years, with several of the host races emerging in historical time. Thus, there is a well-defined series of populations that vary in their relative ages of divergence.
Sources of host-related divergent selection are also known for Rhagoletis (Linn et al. 2003; Dambroski and Feder 2007; Powell et al. 2012) , allowing for selection experiments. In this regard, all R. pomonella flies are host-plant specialists. Adult flies mate on or near host fruit; females oviposit into ripe fruit on trees; eggs hatch and larvae feed in host fruit; and when fruit fall to the ground, larvae leave fruit, burrow into the soil, and overwinter as pupae. Host-related adaptation in diapause life-history timing, host choice, and in some cases feeding performance in host fruit have been shown to result in ecologically based RI. Nevertheless, almost all populations can be mated in the lab to generate F2 and later generation hybrid progeny for SNP mapping. Near complete intrinsic isolation is evident only between the species R. pomonella and the most basal taxon in the group, R. cornivora (Berlocher 2000) .
A survey of 39 allozymes and microsatellites between apple and hawthorn-infesting host races of the species R. pomonella at sympatric field sites where the flies co-occur in the Midwestern United States revealed genomically widespread differentiation (Michel et al. 2010) . However, none of the 39 loci showed a fixed difference (maximum frequency difference = 0.30). Moreover, the distribution of frequency differences mirrored Figure 3E , implying that the races are in a genic phase of speciation. In addition, although apple and hawthorn populations display significant local genetic differentiation from each other, across populations they show a tendency to group genetically by geography, supporting their status as host races and not cryptic species. Thus, although they likely have not yet reached GWC, the host races meet conditions for such a transition to occur.
In contrast, allozymes and microsatellites suggest that the taxonomically undescribed sister sibling species to R. pomonella that attacks flowering dogwood (Cornus florida) has transitioned past GWC. Like the races, gene flow is moderate between R. pomonella and dogwood flies (~3% per generation), and no fixed or private variant was found for any gene (Powell et al. 2013) . However, the magnitude of divergence is much greater for the dogwood fly and follows the distribution pictured in Figure 3B , implying GWC. Moreover, the dogwood fly clusters into a distinct genomic entity from the apple and hawthorn host races of R. pomonella across their entire geographic range, agreeing with the genomic phase of GWC.
These results are based on very few loci and thus more comprehensive surveys of the genome are required, coupled with selection studies for R. pomonella and dogwood flies and other host races and sibling species. However, we anticipate that patterns predicted pre-versus post-GWC, if observed in the R. pomonella group, will be seen between populations that we currently classify as host races and recently evolved sibling species.
Extensions of Theory
GWC was developed from individual-based computer simulations of a two-population model of divergent selection acting on demes inhabiting alternative habitats (Flaxman et al. , 2014b . Constant fitness and symmetric selection coefficients were used to generate performance tradeoffs between habitats under soft selection (constant population size), with multiplicative interactions between divergently selected loci.
Only sites under divergent selection were considered. Thus, additional work is needed to 1) improve quantitative estimates of divergence distributions by varying the densities of neutral sites in simulations to further generalize genome patterns for statistical testing; 2) extend analysis of the effects of specific aspects of genome structure on GWC (e.g., locus density and rearrangements); 3) determine how sexual selection and conflict, habitat-specific mating, epistasis, inherent Dobzhansky-Muller incompatibilities (genomic conflict), and other forms of selection (e.g., frequency dependent) can influence GWC; and 4) further discern the consequences of standing variation for facilitating genic to genomic transitions. As mentioned above, GWC is not limited to cases of de novo speciation with gene flow; it is also relevant to resolving the outcome of hybridization following secondary contact. Thus, GWC has broad potential implications for understanding speciation.
The inclusion of neutral sites is important for empirical testing because genome scans obviously provide patterns of differentiation for the totality of sites, not just those affected by divergent selection. The extent to which neutral sites will exhibit patterns consistent with GWC requires further work although these may sometimes be similar to patterns for divergently selected sites given that the simulations under which GWC theory was developed involved weak selection and genetic drift. Nevertheless, simulations for neutral sites, preferably coupled with estimates of recombination rates, are still required to determine if telltale patterns of GWC emerge from the totality of sites across the genome. If so, then the theory will be even more broadly applicable to empirical studies, which often consider neutral markers or cannot distinguish selected from neutral sites. However, we do note that empirical whole genome resequencing studies, which examine both selected and neutral sites, are accumulating and hold particular promise for testing GWC (Ellegren et al. 2012; Jones et al. 2012; Kronforst et al. 2013; Martin et al. 2013; Ellegren 2014) .
Conclusions
Modern sequencing techniques have the potential to advance the study of speciation from the individual-gene level to broad analysis of the combined effects of loci causing RI across the genome (Hudson 2008; Rokas and Abbot 2009; Stapley et al. 2010 ). However, this potential has yet to be fully realized because much research is still focused on identifying individual "outlier" loci within a perspective where much of the genome is thought to be homogenized by gene flow. Recent empirical results from several model ecological systems and new theory challenge the view that speciation can be explained solely by understanding small or moderate numbers of loci having exceptional effects on divergence.
Here, we have tried to begin bridging this gap by outlining a framework for testing genome-scale hypotheses about speciation. We outlined evidence that a critical transition during speciation with gene flow may occur when the cumulative effects of many genes rapidly change RI from being a characteristic of individual loci to a property of the entire genome. Empirical testing of the predictions of this theory of genome congealing (GWC) is needed, and we outlined some ideas for doing so. Specifically, testing the theory requires showing that 1) many (but not necessarily all) divergently selected loci experience relatively weak selection (s < m); 2) selected loci display a marked shift in the distribution of SNP allele frequency differences and LD values between population pairs in the genic versus genomic phases of speciation; and 3) populations form globally distinct clusters from each other once they cross the GWC threshold and are in the "genomic" stage of speciation. Together with further development of theory, the results will help advance understanding of speciation beyond considerations based upon relatively few genes considered independently of the rest of the genome. Thus, there is reason for some guarded optimism despite the complexity and difficulty in accurately estimating the pertinent parameters affecting population divergence and speciation. Although difficult, such an undertaking is essential if we are to advance speciation genomics from a description of pattern to a predictive field of understanding process. 
